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Abstract. Water often acts as a critical reactant in cellu-
lar reactions. Its role can be detected by modulating
water activity with osmotic agents. We describe the
principles behind this ‘osmotic stress’ strategy, and sur-
vey the ubiquity of water effects on molecular structures

that have aqueous, solute-excluding regions. These ef-
fects are seen with single-functioning molecules such as
membrane channels and solution enzymes, as well as in
the molecular assembly of actin, the organization of
DNA and the specificity of protein/DNA interactions.
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Introduction

Cells and their parts are sensitive osmometers. The full
gamut of cellular machinery is a slave to the osmotic
environment. Does it matter? Are there intracellular
osmotic compartments that render molecular reactions
sensitive to water activity, and therefore to solute activ-
ity? What are the solutes that can act osmotically?

As more isolated subcellular systems are interrogated, it
becomes increasingly clear that most molecular reac-
tions, and many molecular structures ‘see’ water not
only as an indifferent solvent and space filler, but also
as a small molecule which acts as a critical reactant.
Here we describe an important method of interrogation,
and the answers for a number of qualitatively different
cellular and molecular processes.

The interrogation

The idea behind ‘osmotic stress’ (OS) is nothing more
than to treat water as just another small molecule, like
any small ‘solute’, and to ask if changing its activity
changes the behavior of a system [1, 2]. Water activity is
lowered through the addition of any nonwater
molecules. Any region from which a nonwater molecule
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is excluded will be ‘osmotically stressed’. The lower
activity makes it more difficult for that region to be
maintained pure of the osmotic agent. That region will
then be more likely to be ‘dehydrated’. Figure 1 illus-
trates examples of species of compartments in cells that
can be subject to such osmotic interrogation. The first
systems to be interrogated osmotically were phospho-
lipid assemblies [3], followed by DNA [4], polysaccha-
rides [5] and protein systems [6, 7]. The behaviour of all
systems examined in order to measure forces confirmed
the ubiquity and commonality of hydration energetics
[8]. We describe here examples showing an often sur-
prising dependence of structure or of molecular activity
upon water itself. Such common dependence shows that
solutes of different sizes can exert different osmotic
effects on different intracellular regions. Such is the
extent of this dependence that one suspects the existence
of a level of cellular activity that is mediated through
water activity.

The systems

Figure 2 illustrates the different systems we shall use to
describe water’s role in cellular activity. Membrane
channel gating, DNA assembly and protein binding,
soluble enzyme activity and molecular assembly demon-
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strate the ubiquity of OS sensitivity. The regions or
compartments from which solutes are excluded are of
two qualitatively different kinds. First, steric exclusion
results when the solute is too large to enter the aqueous
space. Second, preferential hydration of surfaces ex-
posed to the stressing solution may occur. Preferential
hydration, a term coined by Timasheff, is conceptually
less intuitive. It means simply that the solute/water ratio
near a surface is less than that in the bathing solution
because that surface prefers to interact with water
rather than solute. In that sense it is the opposite of
preferential solute binding. Figure 3 illustrates this ef-
fect by plotting increasing solute and diminishing water
concentrations as functions of increasing distance from
the surface. The preferential exclusion of solute from
the surface generates the compartment of preferential
hydration that can be probed by osmotic stress. Prefer-
ential hydration may occur from simple steric exclusion
from the surface (also termed depletion forces or crowd-
ing) or from an energetically more favorable interaction
of the surface with water than with solute (called by
Timasheff a surface tension mechanism of exclusion).
Solute exclusion for steric reasons and exclusion be-
cause of preferential hydration can coexist in any
system. Figure 4 illustrates schematically how combina-
tions of solute, the kind of surface and the conforma-
tion of that surface determine which compartments
are stressed osmotically for any solute excluded from
them.

Any purely osmotic interpretation of such effects re-
quires that there be no change in binding of the solutes
that are used to change the activity of water. The
criteria for such an osmotic interpretation are elabo-

channels

soluble
enzymes o’
° o

actin

Figure 1. Schematic example of cellular components that can be
probed using osmotic stress to determine the possible role of
water in molecular assembly or molecular activity.

Multi-author Review Article 1019

rated by Timasheff [9] and by Parsegian et al. [1].
Specifically, (i) If the effect of added solute is due to
solute binding rather than to osmotic stress, when so-
lute kp < [solute], then the effect will vary with the
solute activity, that is as log [solute]. At the dilute limit,
osmotic action is linear with respect to solute concentra-
tion. The distinction can immediately be seen by plot-
ting effect vs. log [concentration] or vs. [concentration]
itself; (i) osmotic action is less likely to depend strongly
on solute identity than is action through solute binding.
Measurements with widely different kinds of agents are
useful here.

Dependence of the osmotic action on solute size and
chemical nature can help to distinguish among the kinds
of exclusion. Steric exclusion from cavities, channels,
grooves or pockets will show little dependence on solute
nature or size (once large enough to be excluded). An
exclusion of solutes from exposed surfaces typically
shows osmotic effects that are naturally sensitive to
both size and chemical nature.

If these criteria are established, there should then be no
confusion in interpretation [1, 9, 10].

Single-functioning molecules

Channels

The first single molecules to be investigated osmotically
were membrane channels [11-14]. The aqueous cavities
within ionic channels are the easiest structures by which
to conceive the ways of osmotic stress. A large set of
‘mesoscopic’ channels, alamethicin, voltage dependent
anionic channel (VDAC) and porins, have been investi-
gated. Imagine a cavity too small for entry of a large
solute. It is as though the small space were bounded by
a semi-permeable membrane (fig. SA). To create such a
space requires work to ‘purify’ the water that must be
drawn away from the bathing solution to fill that space.
Increasing concentrations of excluded solute require
increasing work of purification. If there are two forms
of the cavity-containing structure, open and closed,
containing different volumes of solute-excluding waters,
Vopen and Vi joeq» then the added work of cavity forma-
tion favors the form that requires fewer waters. In the
language of osmotic pressure, an added osmotic pres-
sure, IT .4, Of the solute changes the work needed to
open the cavity by an amount equal to IT i, X
(Vopen = Vetosea)-

It is easy to see that large, completely excluded, solutes
(fig. 5A) are not equivalent to small solutes that can
enter the cavity (fig. 5B). There will usually be a smaller
apparent change in the difference (Vpen — Veiosea) in the
volume that is measured as accessible to the smaller
solutes.
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Figure 2. Illustration of the aqueous compartments around a variety of cellular systems that can be osmotically stressed as a result of
exclusion of solute—the large squiggly molecules—from cavities, as a result of size (steric exclusion), or from surfaces, as a result of

preferential hydration of those surfaces.

With ionic channels it is possible to watch the occur-
rence of open vs. closed states by tracking the amount
of current flow permitted through them (fig. 6). Electri-
cal current bursts in alamethicin channels in succes-
sively higher conductance states under control
conditions are illustrated in figure 6A. Addition of the
polymer poly(ethylene glycol) (PEG) to the bathing
solutions on both sides of the channel-containing mem-
brane suppresses channel opening, as shown in figure
6B.

Such suppression of channel formation by PEG can be
used to determine the volume of water that must be
drawn from the bathing medium in order for the chan-
nels to open. Figure 7 plots channel opening probability
against the osmotic pressure of the PEG solution. In
this case, each successive opening requires about 100

additional water molecules. PEGs of different sizes re-
veal different volumes of solute-inaccessible water (fig.
8). The difference (V,pen — Veiosea)s Which has a value of
~ 100 waters with large PEGs, falls to almost zero with
the smallest PEGs [15].

Enzymes in membranes and in solution

Osmotic responses similar to those shown by channels
have been demonstrated for the membrane enzyme cy-
tochrome ¢ oxidase [16] and for the receptor rhodopsin
[17], for regulation of coagulation factor X, [18] and for
protein kinase C [19]. Analogous osmotic responses
have also been found with several water-soluble en-
zymes. Among these are adenosine deaminase [20], hex-
okinase [21-23] and aspartate transcarbamylase [24].
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Hexokinase

Is water a reactant in the activity of a solution en-
zyme? Hexokinase is the first enzyme of glycolysis. It
binds glucose within a cleft and phosphorylates it as
shown in figure 9. This binding of glucose involves a
loss of water according to

HK - N{ + glucose < HK - glucose - N, + AN,

solute concentration

water concentration

Figure 3. Illustration of the effect of preferential hydration
whereby the solute concentration next to a surface is, for whatever
reason, less than some distance from it. The water gradient is
inevitably the reverse. Raising the bathing solute concentration
acts to raise the energy of the surface.

PEG 8000
7~

PEG 300

Protein Surface Slice

Figure 4. Both steric exclusion and preferential hydration act on
proteins according to the combinations of solute size, the nature
of the surface and the convolutions of the surface. Figure concept
courtesy of Licata and Allewell [38].
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Figure 5. Illustrating the osmotic effect of solutes (squiggly
molecules) on channel gating. Channels, open or closed, are
associated with more or less water (v’s), according to their size
and degree of surface hydration outlined by the paler lines. 4
illustrates large solutes that are completely excluded from the
open channel and act osmotically on the eight bold water
molecules that fill the open channel. In B small solute molecules
can enter the open channel and so act osmotically only on the
four bold surface water molecules from which they are preferen-
tially excluded.

where HK = the hexokinase molecule and N, indi-
cates a given number of water molecules. Osmotic
stress experiments were carried out to determine the
value of AN, = N{ — N in glucose binding according
to this reaction [21, 23]. Large PEG molecules, with
MW values between 1000 and 10000, are excluded
from all clefts around the protein and lower the water
activity of the hexokinase environment. As shown in
figure 10, the consequence of lower water affinity is
increased affinity of the enzyme for glucose, as if wa-
ter and glucose compete for the binding site. To what
extent?
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Figure 10 shows the dependence of log K, the glucose
binding constant, on water activity. The slope translates
into a AN,, of approximately 325. That is, 325 fewer
polymer-accessible waters are associated with hexoki-
nase when one glucose molecule has bound than are
present in the uncomplexed enzyme.

no polymer

300 pA

1 sec

polymer added

Figure 6. Records of single alamethicin channel gating currents
showing several conductance states. The probability of open states
is decreased by the presence of a polymer that is added to the
bathing solution of the channel and excluded from it.
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Figure 7. The osmotic sensitivity of alamethicin channel opening
as a function of the size of the polymer used to exert osmotic
stress. Left axis and open circles: Ratio of open to closed proba-
bilities with and without polymer. Osmotic stress is progressively
lost at smaller molecular weights (as suggested in the cartoon of
fig. 5). Right axis: exclusion of the polymer as measured (solid
line) by the occlusion seen (fig. 8) in mean channel conductance.
P(w) is a proportionality factor for the probability of polymer
entry [39].
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Figure 8. Polymer partition coefficient as a factor P(w) biasing
admittance to the alamethicin pore measured from changes in
pore conductance. The solid line is the same here and in figure 7
where it is used to show how the penetration of polymer correlates
with the loss of osmotic action due to polymer exclusion.
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Figure 9. Reversible glucose binding reaction to hexokinase.
Open (unbound) and closed (bound) conformations are shown
associated with N and N water molecules that exclude large
indifferent solute molecules that act osmotically on then{}. Osmotgc
stress experiments determine the difference between N, and N_,
i.e. Ang, by determining the osmotic dependence of glucose bind-
ing.

Figure 11 shows that as the dehydrating solute concen-
tration in the enzyme environment increases, the num-
bers of waters ‘displaced’ upon glucose binding, as
given by the slope, decrease considerably. At the highest
osmotic pressures used, AN,, falls to as low a value as
25, a number that matches well the difference between
the crystallographic structures of the open and the
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closed states of hexokinase. Figure 12 shows the num-
ber of water molecules that are involved in the glu-
cose-binding reaction at high and low osmotic
pressures. Raising the osmotic pressure alone to the
illustrated extent apparently dehydrates the protein by
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Figure 10. Dependence of the glucose binding constant, K, to
hexokinase as it varies with osmotic pressure of the medium,
controlled with PEGs of MW 1000-10,000. No difference is seen
with MW. The slope of the best-fit linear line to these data shows
that approximately 325 fewer water molecules are associated with
the glucose-bound conformation of hexokinase [23].
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Figure 11. Dependence of the glucose binding constant, K, to
hexokinase over a large range of osmotic pressures. At the highest
pressures only 25 fewer water molecules are associated with the
bound state.
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~ 300 (325 — 25) water molecules (steps A-C, fig. 12).
That is a lot of water. But is it energetically signifi-
cant?

An energetic calculation requires the integration of
the pressure-volume relation in the reaction involved.
In the case illustrated by the steps A—C in figure 12,
such a calculation gives the remarkably small value of
approximately 1 kT. In other words hexokinase in so-
lution can readily occupy all the hydrated conforma-
tional states between states A and C. The crystal
structure conformation, even without glucose bound,
is consistent with the substantially dehydrated state,
C, as would be expected given the osmotic character
of crystallization conditions.

What occurs for the osmotic dependence of the equi-
librium binding of glucose is also true for the active
enzyme. The osmotic dependence of the Michaelis-
Menten constant for glucose shows that water acts as
a competitive inhibitor for glucose to the same extent
as in equilibrium binding, whereas V,,,, is unchanged
in all osmotic environments.

We conclude that the substrate-binding cavity of un-
bound hexokinase in solution is highly conformation-
ally flexible, i.e. floppy. Its affinity for its glucose
substrate is remarkably sensitive to the presence of
large solute molecules around it.

Hemoglobin

The loading of four oxygens onto hemoglobin re-
quires that ~ 60 water molecules be drawn away
from the bathing solution [25]. Any of a number of
different solutes added to the solution shifts the fa-
mous S-shaped oxygen-loading curve to the right—a
direction that requires a greater pressure of oxygen
for a given level of oxygen bound (fig. 13). The ap-
pearance of this shift is like that created by preferen-
tial binding of any effector. Here the effector is water.
When ps, the pressure of oxygen needed to load
hemoglobin to 50% of saturation, is plotted against
the chemical potential of water, a linear relationship is
obtained (fig. 14). The slope is a measure of the
change in the number of waters bound to hemoglobin
when oxygen binds.

Remarkably, the observed osmotic sensitivity of
hemoglobin is the same for a wide range of neutral
solutes, including different-sized polyethyleneglycols,
the monosaccharide glucose, the disaccharide sucrose,
the tetrasaccharide stachyose and glycine. When ps,
values are plotted against the activities of the same
solutes, there is no such clean linear dependence. This
fact, together with the insensitivity of the water effect
to solute identity, suggests that solute is acting on
water in sterically inaccessible pockets.
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Figure 12. Schematic representation of the osmotic stress results on glucose binding to hexokinase. Glucose binding induces the
detectable fluorescence change associated with the conformational change required for catalysis (A—B and C-D). For PEG of MW
1000-10,000, and for low osmotic pressures, the decrease in numbers of waters associated with glucose binding, AN, is 325 + 10%.
AN, decreases with osmotic pressure to approximately 25. The larger MW PEGs, excluded from aqueous compartment around the
protein, act to osmotically shrink that compartment (A—C) by 300 water molecules in the absence of glucose binding. There are no data
to indicate what AN,, for the step B—D might be, although it is likely to be very small for these two closed glucose-bound states.

This is not true for any solute whatsoever. The effect of
chloride on oxygen affinity can be explained by a direct
binding action, as well as an indirect, osmotic, action
[25]. The plot of ps, against chloride activity is slightly
curved. If chloride is added to hemoglobin together
with varying amounts of a neutral solute so that the
water activity is kept fixed, then the resulting ‘Cl1~ only’
effect gives a pleasingly straight line. This corresponds
to the binding of one ion, as shown in figure 15. When
the osmotic pressure of the chloride solution is taken
into account, it becomes clear that, if added in the
absence of other solutes, Cl~ simultaneously binds di-
rectly and works osmotically against the addition of the
60 water molecules.

Osmotic action is also seen in the binding of oxygen to
Scaphurca hemoglobin dimers. Here, the binding of
oxygen involves a displacement of bound waters, as
shown in figure 16. Greater osmotic stress therefore
draws waters away from the binding site and facilitates
O, binding. The difference of six solute-inaccessible
waters correlates nicely with the waters seen crystallo-
graphically [26]. Analogous to hexokinase, the structure

of the oxy form of this Hb can be stabilized by osmotic
stress without actual oxygen binding.

Molecular assembly

Actin polymerization

One expects that protein association may involve dehy-
dration of the contacting surfaces. Such dehydration
can be energetically costly. The familiar and ubiquitous
G-F polymerization reaction of actin is shown in figure
17. When it is carried out at increasing levels of several
different solutes, the results show that about 14 fewer
water molecules are associated with the Ca-ATP-actin
complex when it is in the polymer (F) form [27].

The reaction can now be written as

G-actin - 14(H,0O) + F-actin,, < F-actin, , ; + 14 H,O

Remarkably, Mg-ATP-actin, a more closed structure
than Ca-ATP-actin, shows no such net changes in asso-
ciated water. It is as if the waters that leave Ca-ATP-
actin come from a closure of the cleft associated with
polymerization.
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Hexokinase, like actin and other kinases, has the com-
mon structural motif of a substrate binding site in a
deep cleft. But unlike hexokinase, Ca-ATP-actin does
not lose such large amounts of water when its cleft
closes. The difference may be that with ATP bound,
actin is far more compact than the substrate-free and
floppy hexokinase. As the first in a series of enzymatic
and structural steps by actin, the ATP-binding step
involves very little change in net hydration.
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DNA /protein interactions

The osmotic stress technique has been wused to
measure changes in water binding accompanying the
DNA binding of several drugs [28, 29] and of several
proteins: Escherichia coli gal repressor [30], E. coli
CAP protein [31], Hin recombinase [32], Ultrabitho-
rax and Deformed homeodomains [33], E. coli tyr re-
pressor [34], EcoRI [32, 35] and the Sso7d protein
[36].
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Osmotic agents can stabilize the intimate association
of a restriction endonuclease with its specific DNA
target as compared with a nonspecific sequence as in-
dicated schematically in figure 18. The free-energy dif-
ference between the complex of EcoR1 with
nonspecific DNA (containing two-or-more-error se-
quences) and the EcoR1 complex with its recognition
sequence is linearly dependent upon the water chemi-
cal potential in the solution (fig. 19). The osmotic de-
pendence indicates that at 20 °C the nonspecific
complex sequesters about 110 more waters than the
specific EcoR1 complex. The plot in figure 19 is linear
and insensitive to solute identity used to set the water
chemical potential. These factors are important for
distinguishing an indirect solute effect on water activ-
ity from direct solute binding. The insensitivity of the
difference between specific and nonspecific EcoR1
complexes to solute size or to their chemical nature
implies that the water retained by the nonspecific
complex is sequestered in a cavity that most likely lies
at the DNA-protein interface and is sterically solute-
inaccessible (fig. 18).

DNA assemblies

The packing of long, semiflexible DNA requires elab-
orate machinery in cell nuclei. In prokaryotes, too,
there are packaging proteins, including those that
crystallize DNA when cells are in distress [37]. When
subject to osmotic stress in vitro, DNA packs in sev-
eral liquid crystalline arrays whose structure is re-
vealed by X-ray diffraction (fig. 20A). To hold DNA
in a hexagonal array at the density pictured, which is
typical of its density in a viral head (fig. 20B) requires
approximately 100 atmospheres of osmotic pressure).
The work of creating these arrays has been measured
and, when possible, converted into measurements of
forces between pairs of molecules [§8]. Such measure-
ments, for example see figure 21, give accurate esti-
mates of the kinds of pressures under which DNA is
held in viruses. Remarkably, these in vitro measure-
ments give results equivalent to those obtained in vivo
with DNA overexpressed in E. coli [37]. These mea-
surements show how well the ideas of osmotic stress
used in vitro can translate into thinking about its ac-
tion within the cell.

The importance of understanding water competition

The number of workers using osmotic stress and the
emerging number of systems showing water depen-
dence are growing. We have constructed a Web site to
collate this work and to provide osmotic pressure
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Figure 16. Shift in (pO,)sy, the oxygen pressure needed for 50% loading of oxygen onto human HbA (detailed in figure 14) [40] and
dimer HbI [26] vs. I1, the osmotic pressure of added neutral solutes. The slope, independent of neutral solute identity, gives the amount
of water that must be taken from the bathing solution in the case of HbA, or released to the bathing solution in the case of Hbl, by
oxygen as these molecules go from the deoxy to fully oxy state. The latter number agrees nicely with the water seen in the
crystallographic structures of Hbl indicated by the molecular models of HbI adapted from Royer [26].
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Figure 17. Illustration of the equilibrium between the critical concentration of G-actin monomers and F-actin polymers, each
surrounded with a solute-excluded aqueous compartment indicated in grey. Dependence of the critical concentration on osmotic
pressure shows that that aqueous compartment on polymerization decreases by about 14 water molecules for Ca-F-actin but not for
Mg-F-actin.

Nonspecific complex Specific complex

Figure 18. A schematic representation of the difference in sequestered water between EcoRI specifically bound to its recognition
sequence and the nonspecific protein-DNA complex. The crystal structure [41] shows that the specific complex is characterized by direct
protein-DNA contacts with no intervening water. From the osmotic dependence of the difference between specific and nonspecific
binding of EcoRI, the nonspecific complex retains practically a full layer of water at the interface between DNA and protein surfaces
(shown as the cross-hatched area). From the insensitivity of the number of sequestered waters to solute size and chemical nature, it is
probable this water is sterically excluded from solutes.
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data for performing the experiments at http://
aqueous.labs.brocku.ca/osfile.html. This could serve as
a useful forum for exchange of information within
this community.

As a ‘ligand’ or ‘effector’ water is important because
of its large numbers rather than its wide range of
activities. It is also important because what we call
hydration depends upon the competitive affinity of a
macromolecule (or a region of a macromolecule) for
water compared with its affinity for the many other
solutes in the bathing solution. This competition is
realized in many ways.

Waters near the surface of a protein are not available
to dissolve other solutes. This may be because the
protein strongly perturbs the water so that it cannot
dissolve other molecules; or it may be that some so-
lutes are too big to enter the thin surface region. In
either case, there is a ‘preferential hydration’ of the
protein relative to that particular solute. The cost of
forming that protein surface will go up with added
solute, in direct proportion to the number of water
molecules that can no longer act as a solvent to that
solute. These waters have been drawn away from the
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. Glycerol
. Methyl Glucoside
B Sucrose
W Glycine
16 i A Betaine
’ Triethylene Glycol

RT (K omp/K comp): keal/mol

0.8 1.2

0.0

[solute], osmolal

Figure 19. Competitive binding free energies scale linearly with
osmotic stress. The slope of the lines translates into a release of
about (110 £ 15) water molecules for the transfer of EcoRI from
poly(dl — dC) - poly(dI — dC) to the specific site. The slight depen-
dence of An,, on the solute identity indicates a steric exclusion of
these solutes from a well-defined, water-filled space, most proba-
bly associated with the nonspecific complex.
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solution by the protein. The extra cost of drawing
away that water is proportional to the extra osmotic
pressure from the added solute or ‘osmolyte’.

Waters in a cavity may be available to the smallest
solutes but not to excluded large species. Added small
solute will not act osmotically, but large solutes will.
The extra cost of forming the cavity from addition of
large solute will be the extra osmotic pressure im-
parted by it multiplied by the volume of water from
which the large solute is prevented access.

In this context ‘osmotic’ takes on a variable meaning.
It is not likely that there will be significant gradients
of the actual chemical potential of water in different
parts of a cell. This would make no more sense than
that there would be significant thermal gradients.
Rather, there is a different osmotic response of differ-
ent large molecules to different osmotic agents. The
analogy is that parts of the cell have different specific
heats that determine the different amounts of heat
they acquire consequent upon changes in temperature.
Whatever the variability of osmotic stress, its focus is
the work of transfer of water during the transition
between states of a macromolecule. Discrimination be-
tween solutes becomes a means whereby the cell or
the experimenter can use these solutes to control dif-
ferent kinds of change in conformation. Cells do not
usually vary their temperature or the chemical poten-
tial of cell water (which equilibrates rapidly with the
external medium). But cells do regulate and vary
widely the set of small molecules that control macro-
molecular association and reaction. The response of
specific processes to osmotic stress therefore informs
us about the control of intracellular processes.

Technical note

In the simplest reaction scheme A < B between two
states A and B, the probabilities of their occurrence
follow the same kind of thinking as with thinking
about a chemical reaction. These probabilities depend
upon the difference (G — G,) in work needed to go
between the two states. This difference is measured in
units of the thermal energy kT per molecule (or RT
per mole) that drives the reaction either way. In reac-
tion language, the ratio of probabilities (as concentra-
tions) of A and B go as In(K,,) = — (G — G,)/kT.

If these two states have different volumes, V, and Vi,
of solute-excluding water, an added osmotic pressure
I o Of the excluded non-binding solute creates an
additional work T, ,...(Vs— Va) needed to go be-
tween the two forms. Then K., changes with I,
as
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Figure 20. DNA phases seen by X-ray diffraction textures and by polarization microscopy. (4) High-density hexagonally packed
exposed ‘end-on’ to X-rays. [42]; (B) low-density ‘cholesteric’ phase seen through birefringence. These regimes correspond to the two
regimes of intermolecular forces shown in figure 21 and were made on the same samples on which intermolecular forces were measured

(fig. 20B, R. Podgornik et al., unpublished photograph).

ln(Keq) = - (GB - GA)/kT - Hosmotic (VB - VA)/kT

A plot of kT In(K,,) against Il gives a difference
(Vs — V4) in aqueous volumes that are inaccessible to
the added solute.

N.B. Any nonlinearity in this plot warns that a strictly
osmotic interpretation of the result might not be valid.

The volumes V7 and ¥, may themselves be deformed
under osmotic stress, or, more important, the solute
may not be acting in the ideally osmotic way that this
formalism assumes.

To determine the number of waters rather than a vol-
ume of waters, divide (Vi — V) by the 30-A3 volume of
a water molecule.
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Figure 21. Force per unit length vs. interaxial spacing of parallel
DNA double helices. Because the DNA diameter is 20 A, D, =
20 A is the limit of contact, zero separation between molecular
surfaces. The exponentially varying force seen here has two
regimes. At D;,, <32 A, tightly packed DNA shows an exponen-
tial force decay distance of ~3.3 A independent of or only
weakly dependent on salt concentration. For D;,, > 32 A, a more
slowly decaying force has a characteristic decay distance that
depends on salt concentration. Inset: Hexagonal order seen by
X-ray diffraction. Tightly packed hexagonal (top) and loosely
packed (bottom) corresponding to samples seen by X-ray diffrac-
tion and polarization microscopy in figure 20A and B, respec-
tively.
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